Climate change impacts on the potential vegetation (biomes) are compared for an ambitious emissions-reduction scenario (E1) and a medium-high emissions scenario with no mitigation policy (A1B). The E1 scenario aims at limiting global mean warming to 2˚C or less above pre-industrial temperatures and is closely related to the RCP2.6 sued in the CMIP5. A multi-model ensemble of ten state-of-the-art coupled atmosphere-ocean general circulation models (GCMs) is analyzed. A simple biome model is used to assess the response of potential vegetation to the different forcing in the two scenarios. Changes in biomes in response to the simulated climate change are less pronounced in E1 than in the A1B scenario. Most biomes shift polewards, with biomes adapted to colder climates being replaced by biomes adapted to warmer climates. In some regions cold biomes (e.g. Tundra, Taiga) nearly disappear in the A1B scenario but are also significantly reduced under the E1 scenario.
Introduction
The new socio-economic scenarios used in the fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC), the "Representative Concentration Pathway" (RCP)-Scenarios [1] now include explicit mitigation policies. Thus, for the preparation of adaptation actions, an assessment of anticipated changes under strong mitigation scenarios compared to scenarios without mitigation is necessary.
In the EU-funded project ENSEMBLES [2] a mitigation scenario was developed that aims at keeping the 2˚-target: the E1 scenario [3] . E1 starts from an emission path corresponding to the "Special Report on Emission Scenarios" (SRES) A1B scenario, projecting greenhouse gas (GHG) concentrations to stabilize at 450 ppmv CO 2 -equivalent (CO 2 -e) in the 22 nd century after an overshoot to 530 ppmv in the mid 21 st century ( [3, 4] ). Current aerosol trends indicate that the increasing aerosol levels in the SRES A1B scenario are overestimated (e.g. [5, 6] ). The E1 scenario generates a lower aerosol loading than A1B. This leads to a stronger temperature increase in the E1 scenario compared to the SRES A1B scenario in the first half of the 21 st century, despite the reduced greenhouse gas forcing. [4] highlights a non-linear precipitation versus temperature response in some models, possibly related to the balance of surface net radiation induced by the aerosol forcing. Thus, the global mean precipitation increase per degree warming is stronger in the E1 scenario than in the A1B scenario. This effect was already noted in the comparison between the A1B and the "Commit" experiment of the CMIP3 simulations [7] but it is even stronger in E1 compared with A1B [4] . [8] underscores the stronger precipitation response per degree warming in the regional analyses in the E1 scenario compared to the A1B scenario. Simulations using the A1B and E1 scenarios are analyzed. Model descriptions for the contributing coupled atmosphere-ocean general circulation models (GCMs) and global mean results for temperature, precipitation and carbon cycle fluxes are given in [4] . An analysis of regional precipitation, cloud cover and evapotranspiration is given in [8] . Sea ice and sea level changes are assessed in [9] .
The terrestrial biosphere is especially vulnerable to climatic changes [10] . Since anthropogenic land-use change is expected to have the largest effect [11] it is explicitly used as an anthropogenic driver in both of the scenarios analyzed here. Continental scale shifts of biomes, i.e. major regional ecosystems consisting of typical plants, are projected for a future climate in response to regional temperature and water availability changes (e.g. [10, 12, 13] ). Since biomes depend on distinct hydrological and thermal thresholds, their response to climate change is not a simple linear shift in response to changes in temperature and/or precipitation. Moreover, there are biomes that are more sensitive to temperature changes and other biomes that respond to hydrological changes such as water stress ( [11, 14] ). By analyzing biome shifts simulated in the E1 and the SRES A1B scenarios, we examine whether exceeding these specific thresholds may be avoided by aggressive mitigation measures. Here, we use offline biome calculations to analyze the complete set of available simulations.
We focus on the changes in biomes derived from the climatological monthly means of temperature, precipitation and cloud cover employing the BIOME1 model [15] . The models, data, and methods are described in Section 2. Biome results for the 26 Giorgi-regions form Section 3. In Section 4 the results are summarized and discussed.
Data and Methods
The models contributing to this study are given in Table  1 (see [4] for further details). Simulations for the historical time period 1860-2100 use observed GHG-forcings until the year 2000 (i.e. most simulations exclude solar and volcanic variations) and two future scenarios for the time period 2001-2100: The SRES A1B scenario, which does not include an explicit climate mitigation policy and the mitigation scenario E1 which aims at keeping the 2˚-target.
For some, but not all, of the contributing models several simulations were performed, using different initial conditions. In these cases, the simulation results were averaged over all simulations, thus weighting each model equally in the multi-model ensemble analysis.
In accordance with previous analyses (e.g. [8, 16, 17] ) we use the so-called "Giorgi-regions" [18] and consider changes over land areas only. Figure 1 shows the Giorgiregions and Table 2 gives the abbreviations used in the following of this paper, the region full names and the geographic borders. We analyze the changes in the biomes distributions between the two periods 2080-2099 and 1980-1999, as used in [4] . For the analysis of the biomes, all model data were interpolated onto a common 2.5˚ × 2.5˚ latitude-longitudegrid for further analysis. We focus on the monthly mean changes over two 20 year periods (1980-1999 and 2080-2099) in temperature, precipitation and cloud cover as simulated by the models and the resulting impact on biome distributions. Interannual variability, even though important, is not analysed here.
Biomes current distributions and their projected changes are calculated using the BIOME1 model [15] .
While newer versions of the model such as BIOME4 [19] include more than 25 biomes, we use BIOME1 with 17 biomes to assess the most prominent wide-spread changes. Using a limited number of biomes has the advantage of restricting the analyses to the most prominent biomes and avoiding an overinterpretation of the results in the light of the bandwidth of the simulated climate changes, particularly for precipitation and cloud cover.
To assess the models performance observed data are used to calculate biomes and the results are compared to the results obtained from the individual models (not shown) and for the ensemble mean for 1980-1999. To derive a biome map from observations, temperature data from the CRUTS2.1 dataset [20] , precipitation data of the Global Precipitation Climatology Project [21] and the cloud cover data set of the International Satellite Cloud Climatology Project are interpolated to a 2.5˚ × 2.5˚ grid. Additionally, biomes are also calculated from the National Center for Environmental Prediction (NCEP) ReAnalyses to assess the different biome distribution from using different observational data sets. The resulting present-day biome maps are compared to those calculated from the modeled present-day climate data to evaluate the model performance.
To assess the projected changes of the biomes we apply the delta-change method, which has previously been employed for the analysis for projected changes of the Köppen-Trewartha climate classification maps ( [22, 23] ). The delta-change method may produce negative precipitation or a cloud cover greater than 100%. These cases that make no physical sense are excluded.
Regional Change in Biomes
Biomes, or potential vegetation, do not necessarily represent the existing vegetation, particularly in regions where natural vegetation has been replaced by crops. Furthermore, changes in potential vegetation do not include direct anthropogenic disturbance (i.e. deforestation for cropland or pasture). In regions EAS and CNA, more than half of the area is used for crops and pasture. This fraction is between 33% and 50% in the regions NEU, NEE, SAS, SAF, CAM, and CSA, while in TIB, NAU, EAF and ALA the respective fraction is <10%, and in SAH and GRL <5% (percentages taken from the cropland and pasture fraction per grid cell land-use data in ENSEMBLES project, cf. [4] ). However, for some natural ecosystems, such as large parts of the African rainforests or the Siberian tundra, potential vegetation is a reasonable approximation of current actual vegetation. Additionally, changes in climate might make some regions unsuitable for current land use, even under anthropogenic cultivation. This section aims to provide an insight into natural vegetation dynamics as driven by climate change, but will also briefly address the fraction of land used as either crop land or pasture versus natural vegetation.
To evaluate the agreement between the biome maps generated using observed and modelled climate data, we use kappa statistics [24] including their subjective scale for agreement from "No" to "Perfect" ( Table 3) . Since the degree of freedom varies for the different regions Figure 2 shows the calculated biomes for present-day climate for two different observational data-sets and the ensemble mean of the contributing models. The biomes calculated from the ensemble mean simulations shows in most regions biomes in the range of the biomes calculated from the two observational data-sets. In the following we will refer to the biome distribution calculated from CRU and ISCCP data (Figure 2(a) ) as "observed" biome patterns.
The main characteristics of the spatial patterns of the present-day biomes are represented well using the ensemble mean climate (Figure 2(c) ). The kappa values for the global maps, when compared to the map displayed in Figure 2(a) , vary between 0.49 and 0.60 for the different models. The Kappa value is highest for the ensemble mean biome map (0.65). It should be noted that the biome of a grid box generated using the ensemble mean climate data is not necessarily the same as the "mean" biome from the individual models.
In some regions the ensemble mean does not depict the observed patterns. For example, in South America all models tend to simulate savannah instead of tropical rain or tropical seasonal forests. The savannah area is largest in BCM-C and smallest in IPSL-CM4, which instead overestimates the extent of xerophytic woods. The largest extent of tropical forests for AMZ is simulated by HADGEM2-AO (largest extent of tropical rainforest) and INGV-CE (largest extent of tropical seasonal forest). Furthermore, in most models the extension of hot desert in CAS is overestimated combined with an underestimated extent of warm grassland. The largest extent of hot desert is found in ECHAM5C. EGMAM+ and HADG-EM2-AO agree best with the observed patterns of hot desert and warm grassland (without figures). Globally averaged the ensemble mean ates the dry suboverestim tropical biomes hot desert, xerophytic woods and savannah and underestimates the extent of tropical forests. Largest ensemble spread is evident for hot desert and savannah, but also for taiga and tundra, for which the globally averaged ensemble mean is fairly close to observations (Figure 3) .
Owing to the warming in the 21 st century in both scenarios we find a poleward shift of the dominating biomes, leading to a retreat of northern hemispheric taiga and tundra in all models. Because of the drying in the subtropical land areas the extent of savannah, warm grassland and hot desert increases (without figures).
The changes in potential vegetation are analysed in detail using 24 Giorgi-regions (Figure 4) . The regions SAH and SEA are excluded since the biomes there display only one type (SAH: hot desert, SEA: tropical rain forest) and no significant changes are simulated in either scenario. In the tropical regions consistent with the differences in the precipitation projections the models reveal large differences in biome projections.
In South Asia (SAS) there is a tendency for an increase of savannah replacing forest types. In Southern Equatorial Africa (SQF) and Western Africa (WAF) only small changes are simulated. Note that in these regions anthropogenic land use increases by more than ten percent of the area in the E1 scenario prescribed land use. In the Amazonas Basin (AMZ) the extent of tropical rainforests decreases from about 49% to about 38% in the SRES A1B scenario and to 44% in the E1 scenario. However, the differences between the models are large, consistent with the differences in precipitation, cloud cover and evapotranspiration in this region, as shown by [8] . For AMZ simulated biome changes range from very small (Kappa = 0.88 derived from the CNRM-CM3 model) to quite large (strongest decrease in tropical forest to about 11% -16% of the total land area derived from HADGEM2-AO and HADCM3C). Rainforests are replaced by savannah, as a result of drying in this region.
In the northern hemispheric subtropics biome changes are relatively small (Figure 4) . In the Mediterranean Basin (MED) temperate deciduous forests are replaced mainly by warm mixed forest and warm grassland. The latter effect is stronger in the SRES A1B scenario compared to E1 due to the stronger drying in this scenario. In Central America (CAM) the models agree that the dominant present-day biome xerophytic woods is diminished (in E1 significantly less than in A1B), but they disagree on whether it is replaced by warm grassland or savanna. In Central Asia (CAS) the models simulate an expansion of hot desert only in A1B. In the southern hemispheric Figure 5(a) ) and from simulated climate by all models. Boxes: 25% -75%, whiskers: min and max, horizontal line: mean of all simulated biome changes, triangle: biome change calculated from ensemble mean climate change. Asterisks: "observed" biome distribution.
subtropics an increase in drier climate biomes is projected in both scenarios. In Australia, consistent with the precipitation decrease [8] , hot desert replaces warm grassland and xerophytic woods. This projected desertification is stronger in the A1B scenario than in the E1 scenario, even though the spread between the models is large (>30% for hot desert in North Australia, NAU, in A1B). In Southern Africa (SAF) the area of warm mixed forests decreases in all models in both scenarios, but is replaced by warm grassland in some models and by hot deserts in others.
In the mid-latitudes biomes with a higher cold tolerance are replaced by biomes that require longer growing periods (Figure 4) . In both scenarios most models show an increased extent of warm mixed forests (ENA, EAS, CNA, NEU and SSA) and in some regions temperate deciduous forests (CNA, WNA, NEU) by the end of the 21 st century. On the other hand, the extent of taiga (ENA, WNA, NEU) and cold coniferous forests (ENA, CNA, EAS) decreases according to most models. In Northern Europe (NEU) tundra disappears in all models by the end of the 21 st century. In (WNA) taiga and cool mixed forest disappear in both scenarios. In addition, cold coniferous forests disappear in the SRES A1B scenario, while in the E1 scenario some remain. Considerably lower changes in biomes in E1 compared to A1B are evident in the mid-latitudes. For example, in WNA, the first quartile of the simulated fraction of warm and cold grasslands is higher than the third quartile in the E1 scenario under the A1B scenario. This is consistent with the stronger summer drying in this area in the SRES A1B scenario.
As a result of temperature changes there is amplification of biome changes in polar and subpolar latitudes (Figure 4) . Taiga and tundra are replaced by temperate deciduous forests, cold mixed forests and cold coniferous forests (NEE, NAS, GRL, ALA). Although the main features of biome changes in the two scenarios are similar across these latitudes, the strength of biome changes differs significantly.
In Tibet (TIB) the area of tundra and cold deserts decreases in both scenarios, while the area of cold deciduous forest and warm grassland increases. Despite of the large inter-model spread the 25 th and the 75 th percentiles of changes in tundra and warm grassland for the two scenarios do not overlap.
Summary and Conclusions
We have assessed the difference in resulting biome shifts for different regions of the world when following an ambitious mitigation scenario (E1) as compared with a baseline scenario (SRES A1B) using multi-model results from 10 state-of-the-art coupled atmosphere-ocean general circulation models (GCMs).
Resulting biome changes in the mid-latitudes and sub-polar regions are larger than those in the tropics and subtropics. In the mid-latitudes and sub-polar regions, biomes with less freezing resistance and a higher demand for growing degree days replace the current vegetation consistent with previous studies (e.g. [19] ). In the subtropics and tropics biome changes reflect precipitation decrease over land confirming previous results (e.g. [13, 25] ). Considerable uncertainty in the likelihood of dieback of the Amazonian rainforest due to climate change and vegetation feedbacks remains [26] . The particularly strong potential vegetation change for the Amazonas region in HadCM3C and HadGEM2-AO compared to the other analyzed GCMs is consistent with the simulated strong forcing response in these regions for precipitation and cloud cover as shown by [8] .
In 13 of the 26 regions, namely NEU, MED, NEE, NAS, CAS, TIB, EAS, SAU, ALA, GRL, WNA, CSA and SSA, differences at least for some of the projected biomes changes are much smaller in the E1 scenario than in the A1B scenarios. Thus, in these regions strong mitigation actions could significantly reduce changes in growing conditions when compared with a non-mitigation scenario. On the other hand, even under the E1 scenario, considerable changes in the biome distribution are projected in some regions, particularly in biomes tundra, taiga and cold grassland (e.g. Regions NAS, TIB, EAS, ALA, GRL) but also in the form of shifts from Cold Mixed Forest to Temperate Deciduous Forest and from this to Warm Mixed Forest (e.g. NEU, EAS, CNA, CSA). These regions seem to be particularly sensitive to climate change impacts on growing conditions and might suffer adverse impacts even under strong climate change mitigation action, indicating the need for adaptation measures.
While the vegetation patterns presented here are not the existing vegetation in large parts of the world but the potential vegetation calculated from climatic conditions, they nevertheless provide important insights into growing conditions in different parts of the world under present day conditions and under the two future scenarios considered. Instead of using the most sophisticated available biome models, we use a simple model to account for the coarse resolution of our data and to restrict the analysis to a limited number of biomes and dominant changes between them. Furthermore we did not use the vegetation patterns simulated by the embedded terrestrial carbon cycle components of some of the models but calculated biomes forced by all the models' physical output. The advantage is that we can provide a multi model analysis of 10 state-of-the-art global climate models and the response of terrestrial biomes to the climate change signals simulated by them for the two scenarios. Thus, we provide a consistent overview of potential vegetation response to an ambitious mitigation scenario (E1) compared to a baseline scenario (A1B). Further research should focus on the regions with the largest sensitivity to climate change with respect to growing conditions. In these regions, both natural vegetation and anthropogenic land-use should be reviewed as to their resilience under projected climate change for different forcing scenarios.
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